We simulated malarial microvascular blood flow disturbances by using a new particle method of biological solid-fluid interaction analysis especially developed for the analysis of malaria infection. Particle based spatial discretization and the sub time step time integration could provide us with stable computations for micro scale blood flow involving interaction with many cells. We performed numerical simulation of the stretching of infected red blood cells and the results agreed well with experimental results. Our model successfully simulated the flow of infected red blood cells into narrow channels.
Introduction
Malaria is one of the most serious infectious diseases on earth. There are 500 million patients with 2 million deaths arising from malaria infection. When a parasite invades and matures inside a red blood cell (RBC), the infected RBC (IRBC) becomes stiffer and cytoadherent. These changes are postulated to link to microvascular blockage [1] . Several researchers have investigated cell mechanics of IRBCs using recent experimental techniques. Methods to quantify the stiffness of the IRBCs include the micropipette aspiration [2] [3] [4] and optical tweezers [5] . Suresh et al. [5] used optical tweezers to investigate the change of mechanical response of IRBCs at different development stages. They clarified that the shear modules can increase by ten-fold in the final schizont stage. Microfluidics has also been used to investigate the pathology of malaria. Shelby et al. [9] investigated the effect of IRBCs on the capillary obstruction and demonstrated that IRBCs in the late stages of the infection cannot pass through micro channels that have diameters smaller than those of the IRBCs. These studies are reviewed in [6] [7] [8] .
These experimental studies are still limited to the effect of the single infected cell. However, microvascular blockage may be a hemodynamics problem, involving the interactions between IRBCs, healthy RBCs and endothelial cells. This is due to the limitation of the current experimental techniques. Firstly, it is still difficult to observe the RBC behaviour interacting with many other cells, even with the recent confocal microscope. Secondly, three-dimensional information on the flow field is hard to obtain. Thirdly, capillaries in the human body are circular channels with complex geometry, but such complex channels cannot be created in micro scale. Instead, numerical modelling can be a strong tool for further understanding the pathology of malaria. Finite element modelling was performed for the stretching of an IRBC by optical tweezers [5] . Dupin et al. [10] also modelled the stretching of the IRBC using the lattice Boltzmann method. We have also developed a hemodynamic model involving adhesive interactions [11] . In this report, we present our methodology and preliminary numerical results.
Method

Particle method
Blood is a suspension of RBCs, white blood cells, and platelets in plasma. An RBC consists of cytoplasm enclosed by a thin membrane. Assuming that plasma and cytoplasm are incompressible and Newtonian fluids, the governing equations are described as
where the notation t refers to the time, ρ is  the density, u is the velocity vector, p is the pressure, ν is the dynamic viscosity, f is the external force per unit mass, and D/Dt is the Lagrangian derivative. Our model is based on a particle method. All the components of blood are represented by particles (Fig. 1 ). Note that each particle is not a real fluid particle but a discrete point for computation. Fluid variables are calculated at the computational point and it is moved by the calculated advection velocity every time step. In conventional mesh methods, each computational point requires the connection to neighbouring points for the discretization of Eqs. (2) and (3) and thus the computational meshes are generated. When a red blood cell approaches another other cell, however, the computational meshes can be distorted and destroyed easily. In contrast to mesh methods, the particle method does not require such computational meshes and the computation is stable even when many cells are interacting with each other. Another advantage of the particle method is the coupling with the front-tracking. The particle method tracks the front of the membrane using the membrane particles and the no-slip condition on the membrane is directly imposed to Eq. (3) by using the position and velocity of membrane particles. We use the moving particle semi-implicit (MPS) method [12] for solving Eqs. (2) and (3). In the MPS method, differential operators in the governing equations are approximated using the weight function, for example,
where φ is a fluid variable, d is the space dimension number, n 0 is the reference particle number density, λ is the constant, r is the position of particle, r ij = r j -r i , and w is the weight function. Scheme of free mesh particle model of blood. All the components of blood are represented by the finite number of particles (computational points). Velocity and pressure are calculated at the position of each particle and it is moved by the calculated advection velocity every time step.
IRBC model
The membrane of IRBCs is represented by the two-dimensional network consisting of the finite number of particles (Fig. 2) . Particle j is connected to particle i by linear spring, giving a force,
where k s is the spring constant and l 0 is the equilibrium distance. A bending force is also considered in our model:
where k b is the spring constant, θ  is the angle between the triangles ∆ ijk and ∆ jkl , and n ijk is the normal vector to the triangle ∆ ijk . The external force per mass is given as
where V 0 is the reference volume V 0 = r 0 3 and r 0 is the averaged particle distance at the initial time step. Note that the spring constants k s and k b should be model parameters to control the deformation of IRBCs. As described in the next section, we adjust these model parameters through numerical experiments.
A malaria parasite inside IRBCs is modelled by a rigid object constructed by some particles. The treatment of the rigid object in the MPS method was proposed by Koshizuka et al. [13] . 
Results
Suresh et al. [5] performed stretching of IRBCs by optical tweezers to quantify the mechanical response of IRBCs. They measured the axial and transverse diameters of IRBCs at different development stages with several stretching forces. We examine this stretching test numerically to validate our model. In the three-dimensional computational domain, we put an IRBC at initial time step. Then we stretch the IRBC horizontally with a stretching force as shown in Fig. 3 . 
Discussion
We have proposed a numerical model of three-dimensional hemodynamics arising from malaria infection. A particle based spatial discretization and sub time step time integration method are employed to stably simulate many cell interactions in micro scale blood flow. To validate our model, we examined stretching of IRBCs. When we used appropriate values for the spring coefficients ks and kb, the numerical results agreed well with the experimental results. Small differences can be found in the axial diameter for high stretching force. It may be improved using a non-linear spring model for membrane. However, compared with previously presented numerical models, such as a finite element model [5] and a Lattice Boltzmann model [10] , our model has similar accuracy for the stretching of IRBCs.
Our model also successfully simulated flow into narrow channels, mimicking microcirculation in human body. We tested two sizes of narrow channels: a 6-mm-square channel and a 4-mm-square channel. Both HRBCs and IRBCs in the schizont stage passed through a 6-mm-square channel. While HRBCs also flowed into the 4-mm-square channel, schizont IRBCs occluded the flow. These results follow the experimental observation by Shelby et al [9] , where they revealed that IRBCs in the late trophozoite and schizont stages occluded flow into the channel with 4mm width.
Conclusion
In this report, we proposed a numerical model of three-dimensional hemodynamics arising from malaria infection.
Particle based spatial discretization and the sub time step time integration can provide us stable computations for the micro scale blood flow involving the interaction with many cells. We performed the stretching of IRBCs and the numerical results agreed well with experimental results. Our model successfully simulated flow of IRBCs into narrow channels. Here, we have not considered the adhesion property of IRBCs. We have already developed an adhesion model [9] and this adhesion model can be applied easily to the current hemodynamic model.
